The prevalence of antiplatelet drug resistance among patients who undergo cerebrovascular stent placement is unknown. We aimed to assess the feasibility of monitoring antiplatelet drug effects in a single-center cohort undergoing cerebrovascular stent placement.
A
lthough there is widespread use of endovascular stents in the treatment of coronary and peripheral arterial disease, the use of cerebrovascular stents has only emerged during the past decade. Indications include extracranial and intracranial large-artery stenosis and endovascular treatment of wide-neck cerebral aneurysms. Antithrombotic therapy is often used to combat the risk of stent thrombosis and re-stenosis associated with bare metal stents. Following percutaneous coronary intervention, aspirin and clopidogrel are routinely considered "standard of care." On the basis of the current American Heart Association guidelines, dual antiplatelet therapy is recommended for 1 month following bare metal coronary stent placement and for up to 6 -12 months for drug-eluting stents. 1 Extrapolating from this clinical practice, combination antiplatelet therapy has also been increasingly used in patients undergoing cerebrovascular stent placement, for which higher rates of re-stenosis have been reported. [2] [3] [4] However, little data exist to guide this practice.
Given the importance of platelet inhibition in the prevention of in-stent thrombosis and re-stenosis, there is a great incentive to ensure that adequate antiplatelet effects are achieved in such high-risk patients. Platelet inhibition from aspirin and clopidogrel varies broadly, and some patients are low responders or are classified as being "resistant." In coronary patients undergoing stent placement, significant proportions have aspirin and clopidogrel resistance. 5, 6 There are no data on responses to aspirin and clopidogrel among patients who undergo cerebrovascular stent placement. Therefore, in a single-center prospective cohort by using point-of-care platelet function assays, we aimed to test the feasibility of monitoring antiplatelet drug effects, determine the prevalence of aspirin and clopidogrel resistance, and identify predictors of decreased antiplatelet response.
Patients and Methods
Between May 2005 and August 2006, we prospectively collected demographic, medical, serologic, and radiographic data on patients who underwent endovascular stent placement at our institution for various clinical indications, including vessel remodeling for wide-neck intracranial aneurysms and revascularization of extracranial and intracranial stenoses. Collected data also included aspirin and clopidogrel doses in the week before the procedure, duration of antiplatelet therapy, and clinical and angiographic outcomes at 6 months. The study was approved by the institutional review board.
All patients underwent cerebral angiography. Catheterization of the target vessel for intervention was done by using either a 6F Envoy guide catheter (Cordis, Miami Lakes, Fla) or a Shuttle-SL guide sheath (Cook, Bloomington, Ind). Heparin was administered until activated clotting time was between 250 and 300 seconds. The self-expanding stents (Neuroform and Wingspan, Boston Scientific, Natick, Mass; Acculink, Guidant, St. Paul, Minn) were deployed by using a single-operator technique over Synchro 14 microguidewire (Boston Scientific). The vascular access site was then closed with the Angio-Seal closure device (St. Jude Medical, Minnetonka, Minn).
We used the VerifyNow rapid platelet function assay-aspirin (RPFA-ASA) (Accumetrics, San Diego, Calif) to calculate aspirin reaction units (ARU) and the P2Y12 assay (VerifyNow) to calculate P2Y12 reaction units and percentage platelet inhibition immediately before the endovascular procedure. Aspirin resistance or low response was defined as ARU Ն 550, whereas clopidogrel resistance or low response was defined as percentage platelet inhibition Յ40%.
Univariable statistical methods (analysis of variance [ANOVA] and correlation tests) were performed to test associations between demographic, clinical, angiographic, and treatment variables and percentage platelet inhibition as a continuous variable. Those variables with P Ͻ .20 on univariable testing were entered into multivariable models by using stepwise linear regression to yield b coefficients, 95% confidence intervals, and P values for predictors of percentage platelet inhibition. Significance was defined as P Ͻ .05. All statistics were performed by using the Statistical Package for the Social Sciences 14.0 (SPSS, Chicago, Ill).
Results
Among 76 consecutive patients who underwent cerebrovascular stent placement during the study period, the indications for stent placement were the following: wide-neck aneurysm (57, 75.0%), symptomatic intracranial stenosis (12, 15.7%), carotid stenosis (5, 6.6%), and vertebral stenosis (2, 2.6%). Fiftysix (73.7%) were on combined aspirin and clopidogrel at the time of stent placement, whereas 4 were taking clopidogrel alone (5.3%) and 16 were taking aspirin alone (21.0%). Most of those who received aspirin (64.8%) and clopidogrel (71.2%) were loaded within 1 week of stent placement. There were no acute stent thrombosis or stenosis and 1 intraoperative aneurysmal rupture. At 6 months, 2 patients had symptomatic re-stenoses presenting with transient ischemic attacks (1 patient taking aspirin plus clopidogrel and 1, aspirin alone), and 1 patient had transient episodes without documented re-stenosis.
In the 71 patients on aspirin in whom ARU was measured (98.6%), the median dosage per week was 1300 mg and the median ARU was 410. Only 3 patients (4.2%) had ARU values Ͼ550 or aspirin low response; a strong inverse relationship (r ϭ Ϫ0.31, P ϭ .01) with aspirin dose was noted ( Fig 1A) . For clopidogrel, the median dosage per week was 525 mg and the mean platelet inhibition was 43.2 Ϯ 26.6% among the 55 patients in whom percentage platelet inhibition was measured (91.7%). Twenty-eight patients (50.9%) had platelet inhibition Յ40% or clopidogrel resistance, but no correlation (r ϭ Ϫ0.06, P ϭ .64) with dose was seen ( Fig 1B) . In a subset of 39 patients who had clopidogrel loading within 1 week of the procedure, the median cumulative dosage before the stent placement was 325 mg and mean platelet inhibition was 44.3 Ϯ 26.0%. Among these patients, 20 (51.3%) were low responders (platelet inhibition Յ40%). Using ANOVA statistics (Table 1) , percentage platelet inhibition was found to be lower in patients older than 55 years of age (37.2 versus 53.0, P ϭ .031) and in those with diabetes (21.8 versus 45.8, P ϭ .036), hypertension (35.1 versus 48.2, P ϭ .077), or hypercholesterolemia (34.4 versus 46.2, P ϭ .153) or in those taking statins (33.1 versus 47.0, P ϭ .085) or angiotensin converting enzyme receptor inhibitors (ACE-I) (31.1 versus 45.0, P ϭ .199). It was also lower among those with posterior circulation or multiple stents compared with those with anterior circulation location (28.7 versus 53.4, P ϭ .029). Among laboratory results, percentage platelet inhibition was inversely correlated with baseline glucose and creatinine levels and directly correlated to pre-stent platelet count. Percentage platelet inhibition did not differ by sex, dose of clopidogrel, timing of clopidogrel loading, dose of aspirin, coronary artery disease, indication for stent placement, or other medications. There was no association between percentage platelet inhibition and re-stenosis or clinical outcomes at 6 months.
In a stepwise multivariable linear regression model (Table  2) , with percentage platelet inhibition as the dependent variable and indication for stent placement and location of the stent (anterior circulation versus other), age older than 55 years, diabetes, hypertension, hypercholesterolemia, statin use, ACE-I use, and baseline glucose, creatinine, and platelet levels as independent variables, only age older than 55 years (b ϭ Ϫ16.3, P ϭ .020) and history of diabetes (b ϭ Ϫ26.8, P ϭ .015) were significantly and inversely related to percentage platelet inhibition.
Discussion
Using point-of-care tests for platelet function, we observed that Ͼ50% of patients undergoing cerebrovascular stent placement might be low responders to clopidogrel and have inadequate platelet inhibition (defined as Յ40%). Clopidogrel resistance was unrelated to dose or timing of clopidogrel load before stent placement. Because no standardized definition of clopidogrel resistance exists, prior reported estimates of prevalence have varied greatly from 0% to 44%. 7 By contrast, aspirin resistance or low response was inversely related to aspirin dosage but only occurred in 3 patients, all of whom were treated with 81 mg daily.
Demographic and medical factors that contributed to a low response to clopidogrel loading included older age (Ͼ55 years), diabetes, hypertension, hypercholesterolemia, location of stent placement, and baseline levels of glucose, creatinine, and platelets. In addition, medication interactions such as statin therapy and ACE-I use, were associated with an impaired antiplatelet effect of clopidogrel. In multivariable models, only diabetes and age older than 55 years were independently predictive of poor platelet inhibition in clopidogrel-treated patients.
This is the first study of clopidogrel and aspirin resistance among patients undergoing cerebrovascular stent placement and suggests that point-of-care aggregometry is feasible. Two prior small studies addressed aggregometry testing for abciximab during cerebrovascular stent placement. 8, 9 In coronary literature, there have been many reports of clopidogrel and aspirin resistance, with the finding that high poststent platelet reactivity may be a predictor of recurrent coronary events and stent thrombosis. 6, [10] [11] [12] [13] In our study, we were unable to correlate percentage platelet inhibition to stent thrombosis, re-stenosis, or any clinical outcome. However, because follow-up management was not standardized, subsequent dosage and duration of antiplatelet drug therapy may have been influenced by aggregometry results at the time of stent placement.
Although we found no relationship between the dose or timing of clopidogrel administration and platelet inhibition, others have recently shown that higher dose clopidogrel loading (600 mg) can produce greater platelet inhibition in coronary patients. [14] [15] [16] Differences in the studies may explain this discrepancy in results. The lack of loading with clopidogrel at the time of stent placement, methodologic differences, and varying sensitivities of aggregometry measurements may be responsible. These differences may also account for the relatively high rate of clopidogrel resistance in our patients. Furthermore, among cardiac patients, the addition of glycoprotein IIb/IIIa inhibitors may enhance the anti-platelet effects of clopidogrel alone. 17 Higher dose clopidogrel regimens, peristent placement loading doses, and use of other adjunctive drugs have not been sufficiently tested in cerebrovascular patients and may be offset by concerns of intracranial hemorrhage.
The mechanisms of poor response to antiplatelet drug therapy have only recently been studied. Poor response to aspirin has been associated with inadequate dose, poor absorption, and noncompliance, [18] [19] [20] though other intrinsic mechanisms may also exist. 21, 22 Regarding clopidogrel, poor response may be related to noncompliance, inadequate dosing or absorption, 23 body mass index, 24 genetic polymorphisms of cytochrome P450 3A4 and the P2Y12 receptor, 25, 26 and increased platelet activity related to an acute thrombotic event. 27 We observed a significant association between older age and percentage platelet inhibition. Possible explanations are age-related decreases in drug absorption or in the activity of cytochrome P450 3A4, which is essential in the conversion of clopidogrel to its active form. In addition, drug-drug interactions, which are more common in the elderly, could impair its hepatic metabolism. The interaction of statins with clopidogrel has been recently suggested but still remains controversial. 28, 29 We were unable to substantiate an association between statin or other drug therapy and platelet inhibition on multivariable analysis.
There was a strong effect of diabetes on platelet activity. Prior studies have observed that patients with diabetes show increased platelet aggregation and activation and are more frequently aspirin and clopidogrel nonresponders than healthy patients, 30, 31 which may translate into increased ischemic event rates. There is accumulating evidence that platelet hyperactivity in patients with diabetes 32 is mediated by insulin resistance and increased P2Y12 signaling. 33 Other potential mechanisms include increased platelet turnover, altered platelet membrane structure, increased intracellular calcium, and abnormal glycation. 32, 34, 35 A recent study suggested that 150-mg daily maintenance dosage of clopidogrel resulted in greater platelet inhibition than conventional 75-mg daily dosing in patients with diabetes. 36 Our study was a consecutive series from a large academic center and the first of its type. Limitations of this study include its small sample size and nonrandom selection, which could lead to bias. The heterogeneity of the cohort is also a limitation, such that older patients with atherosclerotic disease differ in clinical profile from younger patients with wide-neck aneurysms. However, we adjusted for this possible confounder in the multivariable model by including age, atherosclerotic risk factors, and indication for stent placement. In addition, antiplatelet therapy, including the agents and doses, was not standardized in the study. There are, however, no clear guidelines regarding the appropriate choice and dosing for antiplatelet therapy in cerebrovascular stent placement.
Second, the study of accumetrics in clinical medicine is also limited by a lack of consensus on a standard definition of antiplatelet drug resistance. Furthermore, the assignment of a cutoff may be arbitrary because drug responsiveness is likely a continuous variable. Although we chose to adopt a previously defined cutoff (Ͻ40%) to report prevalence of clopidogrel low responders, 5 we performed regression analyses by using percentage platelet inhibition as a continuous variable. Nevertheless, other studies have shown that a relative lack of platelet response based on pre-and poststent measurements, rather than a single absolute measurement, may be more predictive of clinically relevant outcomes. 37 Third, the available aggregometry devices differ in sensitivity and reliability. The measurement of platelet inhibition by using the VerifyNow pointof-care system has shown excellent correlations with optical aggregometry (gold standard) for aspirin 38 and clopidogrel, 39 though P2Y12-independent pathways were not assessed by using this device. A final limitation is that the study was underpowered to detect effects of platelet activity on clinical outcomes.
Conclusions
Using a point-of-care platelet function test in patients undergoing cerebrovascular stent placement is feasible and may be a valuable tool in the prevention of stent-related complications. Given the potential consequences of in-stent thrombosis and restenosis, identifying those individuals with poor platelet inhibition to standard regimens may be of clinical importance and may help prevent cerebral ischemic events in this highrisk population. Our data suggest that older patients and those with diabetes mellitus are poor responders to clopidogrel and may require alternate approaches. Drawing from the extensive cardiology data, neurointerventional research should focus on the ideal doses, timing, choices, safety, and reliable measurement of antiplatelet drug therapy and should confirm the clinical relevance of aggregometry in cerebrovascular patients. 
